In 2002, the Centre for Environment and Health in Flanders, Belgium started a human biomonitoring program. For 1679 adolescents, residing in nine study areas with differing pollution pressure, hormone levels and the degree of sexual maturation were measured. Possible confounding effects of lifestyle and personal characteristics were taken into account. Participants from the nine different study areas had significantly different levels of sex hormones (total and free testosterone, oestradiol, aromatase, luteinizing hormone) and the thyroid hormone free triiodothyronine, after correction for confounders. Significantly higher hormone concentrations were measured in samples from participants residing in the area around the waste incinerators, while significantly lower values were found in participants residing in the Albert Canal zone with chemical industry. Sexual maturation of boys as well as girls tended to be somewhat slower in the industrial city of Antwerp and in the Antwerp harbour compared to the other areas in Flanders. Even within the same study area, significant differences in hormone levels could be observed between sub-areas. Data on the internal exposure of the same adolescents to lead, cadmium, PCBs, p,p 0 -DDE, HCB, 1-hydroxypyrene and t,t 0 -muconic acid have already been published. The observed differences in hormone levels and in sexual maturation could however only in part be explained by the measured differences in internal exposure to pollutants, suggesting that also other pollutants and other factors that vary in function of the area of residence could play a role. Nevertheless, our results also suggest that local (environmental) factors, acting within a short distance, might influence the measured hormone levels and degree of sexual maturation.
Introduction
Flanders is one of the most densely populated areas in Europe, with a dense network of traffic roads, industrial activities and intensive farming close to habitation. The Flemish Environment and Health Study (FLEHS) of 1999, a preliminary small scale biomonitoring study, provided evidence that levels of internal exposure to pollutants were different between a rural area and an urban one and that small differences in pollutant levels were associated with observable differences in effect markers Koppen et al., 2002; Staessen et al., 2001 ; Van den Heuvel et al., 2002; Van Larebeke et al., 2006) . These results entailed a largerscale, five year (2002) (2003) (2004) (2005) (2006) biomonitoring program on neonates, adolescents and older adults by the Flemish Centre for Environment and Health. The aims were to measure internal exposure to pollutants in inhabitants of areas with established differences in pollution pressure and to assess whether place of residence or observed differences in internal concentrations of pollutants were associated with biological and health effects. All public information on the project can be found on the website http://www.milieu-en-gezondheid.be/English/index.html.
Levels of internal exposure in these adolescents have been reported in detail by Schroijen et al. (2008) . The pollutants that were studied are known to have endocrine-disrupting properties. PCBs were reported to have estrogenic, anti-estrogenic and anti-androgenic activities (Bonefeld-Jorgensen et al., 2001; Hansen, 1998) ; p,p 0 -DDE is known to have anti-androgenic properties (Kelce et al., 1995) ; hexachlorobenzene (HCB) was reported to affect oestradiol levels in animals (Alvarez et al., 2000; Foster et al., 1995) ; cadmium was observed to be able to interact with both estrogen and androgen receptors (Martin et al., 2002; Stoica et al., 2000) ; lead was reported to have xeno-estrogenic activities (Martin et al., 2003) and to affect pubertal development in girls (Selevan et al., 2003; Wu et al., 2003) .
Here we report on hormone levels and sexual maturation of 14 to 15 year old adolescents in relation to residence in 9 study areas differing in pollution pressure. Because some of those areas are rather large and heterogeneous, we also wanted to check whether differences in hormone levels occurred between different sub-areas (further called ''local districts'') belonging to the same larger area.
Materials and methods

Selection of study areas
The study areas, comprising 22% of the Flemish territory, 20% of the Flemish population and 20% of the Flemish municipalities are described in detail by De Coster et al. (2008) and Schroijen et al. (2008) . Briefly, we sampled from industrial sites, harbours, rural areas, around waste incinerators and in a fruit area: ''Antwerp'' is an industrial city with 404000 inhabitants and very dense traffic; ''Ghent'' is a smaller industrial city with 213000 inhabitants; ''Antwerp harbour'' is an important industrial site with numerous petrochemical and chemical industries; ''Ghent harbour'' has mainly metallurgic industries; the ''rural area'' is spread out over 9 contiguous areas in the western half of Flanders and with a low population density (o250 inhabitants/ km 2 ), no motorways on its territory and no industries reported in the emission inventory of the Flemish Environmental Protection Agency; ''waste incinerators'' comprised of neighbourhoods close to waste incinerators, spread out over the whole of Flanders (6 km-or 12 km in north-east direction-from the incinerator and with an immision, calculated with the Immission Frequency Distribution Model (IFDM), 41,20 mg smoke per m 3 ); the ''fruit area'' is a rural region with intensive apple or pear cultivation: 410 hectares per km 2 ; ''Olen'' is an industrial zone with a large nonferrous smelter, chemical and automobile industries amidst rural areas; and ''Albert Canal'' is an industrial zone with chemical industries and production facilities for electricity amidst rural areas. Municipalities and statistical sectors in the areas ''Antwerp'', Antwerp harbour'', ''Ghent'' and ''Ghent harbour'' were selected accordance with the IRCEL (Belgian Interregional Cell for the Environment) measurement programme. In the area ''Olen'' selection was based on the calculated immision of lead from the large non-ferrous smelter (IFDM model). All statistical sectors within 6 km of the smelter (or 12 km in north-east direction) and with a lead immision higher then 0,9 ng per m 3 were selected. In the ''Albert Canal'' area, participants residing maximum 6 km 2 from one of the six selected industrial companies, located along the canal, were selected (IFDM model). More detailed characteristics and emission data for the areas have been described by De Coster et al. (2008) .
At the start of the biomonitoring project the harbours of Antwerp and Ghent were considered together as one industrial zone, but in view of the results obtained, it seemed adequate to consider the results for the harbours separately.
Selection and recruitment of participants
Power analysis showed a sample size of 200 participants per study area to be sufficient to detect differences of about 20% in internal exposure of pollutants between study areas. A Stratified Clustered Multi-Stage Design was used to select 1600 participants as a random sample of the population under study. Sampling took place in three steps. The first step consisted of stratification by study area. Within each study area, entities (schools) were randomly selected for recruiting the adolescents (second step). In the third step, selection of the participants within the entities took place, in accordance with the inclusion criteria. The adolescents were enrolled via 42 schools located in the nine selected regions, and sampled between October 2003 and July 2004. Inclusion criteria were the following: being born in 1988 or 1989, studying in the third year of secondary education, living for at least five years in the same study area, and giving informed consent (both adolescent and parents). Depending upon the area, between 62 and 92% (mean 81%) of adolescents lived at the same address their entire life. Furthermore, adolescents who did not live all their life at the same address, could have resided at another location in the same selected area before. Because each separate area around a particular waste incinerator was very small, it was not possible to enroll adolescents through schools. Therefore, adolescents living near an incinerator received a home addressed letter for participation. Of all 4386 pupils who received the invitation, 1670 (38.1%) did not respond, because they did not fulfill the inclusion criteria or because they were not interested. Among the 2716 pupils who did respond, 646 (23.8%) refused to participate and 138 (5.0%) were excluded by the researchers because they did not reside in the area for 5 years or because of incomplete questionnaires or insufficient blood or urine sampled. The recruitment resulted in a total of 1679 adolescents. The sample size of 200 was not reached in the individual harbour areas of Antwerp and Ghent because initially they were not meant to be separated. All participants signed an informed consent form and had the right to withdraw from the study at any time. The study was approved by the Medical Ethics Committee of the University of Antwerp.
Sampling
About 200 mL of urine and 40 mL of blood was taken from each participant to carry out the various analyses.
For some measurements serum samples were prepared by immediate centrifugation of the coagulated blood. All samples were fractionated immediately and stored at À20 1C until analysis. Also, length and body weight were measured by nurses working for this project.
Information from questionnaires
To obtain information on personal and life-style factors and on health status, participants and their parents were asked to fill out separate questionnaires. The parents of the participants completed a selfreporting questionnaire comprising data on their education, weight, length and health status, on housing, residence history, family composition, social and financial situation, density of nearby traffic and in-house use of pesticides. The participating adolescents completed a self-reporting questionnaire comprising data on health status, exposure to traffic, in-house exposures to pollutants and chemicals, sports, hobbies, contact with pets, contraception, smoking behavior, consumption of alcohol and drugs and consumption of locally produced food. They also completed two food frequency questionnaires to assess the daily consumption of fruit and vegetables, and fat-containing food items during the last year. Finally, they also shared their perception of local environmental pollution issues and possibly related health risks .
Chemical analysis of biomarkers of exposure
Lead and cadmium concentrations in whole blood, marker PCBs (PCB 138, 153 and 180) and chlorinated pesticides (hexachlorobenzene and p,p 0 -DDE, a metabolite of DDT) in serum and 1-hydroxypyrene (a metabolite of pyrene) and t,t 0 -muconic acid (a metabolite of benzene) in urine were measured as described by Schroijen et al. (2008) . All laboratories involved in the analyses of biomarkers applied standard agreed quality control/quality assurance procedures.
Measurement of hormone levels
Commercial immunoassays were used to determine serum levels of total testosterone (Medgenix, Fleurus, Belgium), luteinizing hormone (LH), thyroid stimulating hormone (TSH), free triiodothyronine (fT3) and free thyroxine (fT4) (Roche Diagnostics, Vilvoorde Belgium), sex hormone binding globulin (SHBG) (Orion Diagnostica, Espoo, Finland), total 17b-oestradiol (Clinical Assay, DiaSorin s.r.l., Saluggia, Italy; adapted protocol with use of double amount of serum). The free fractions of testosterone and respectively oestradiol were calculated from SHBG and serum total testosterone, respectively serum total oestradiol, assuming a fixed albumin concentration and using a validated equation (Szulc et al., 2004; Vermeulen et al., 1999a, b) . The intraand interassay coefficients of variation for all assays were less than 12%. For every individual, the aromatase index-the ratio of testosterone on oestradiol-was calculated as pmol/pmol.
Data on sexual development
Data on growth and sexual development for 765 boys and 632 girls were obtained from the Centres for Guidance of Pupils, where all pupils are examined once every two years by school physicians. All pupils were examined during the school year [2003] [2004] . For 282 adolescents these data were not available. In boys genital development and development of the typical male pubic hair pattern were assessed, while in girls development of the breasts and development of the typical female pubic hair pattern were scored using the international scoring criteria of Marshall and Tanner, where 1 is used for the start of puberty while at stage 5 the adult stage is reached Tanner, 1969, 1970) . In boys, the occurrence of gynecomastia was also reported. Shortly before the biomonitoring study was conducted, all school doctors had received a re-training for the assessment of pubertal development since new Flemish growth curves were developed in the period (Growth charts Flanders, 2004 . For boys, as their sexual development is slower and as stages 2 and 3 can be distinguished more reliably than stages 3 and 4, reaching stage 3 was used as criteria for sexual development. For girls, reaching stage 4 was used. In addition, the proportion of adolescents reaching adult development (stages P5 and G5) were considered for the evaluation of areas with a significantly slower sexual maturation. The validity of the data on pubertal development, assessed by the school doctors, was demonstrated by Den Hond et al. (submitted).
Data treatment
Database management, quality control and statistical analyses were performed with SAS for Windows, version 9.1.3 and Statistica, version 7.1. Data that were not normally distributed were subjected to Neperian logarithmic transformation for use as dependent variables in the statistical analyses. Arithmetic and geometric means with 95% confidence intervals (CI) or median with 10th and 90th percentile values are reported. Analysis of Covariance (Ancova) or multiple regression were used to adjust the raw data for some pre-specified, literature based confounders (Ukkola et al., 2001; Vermeulen et al., 1999a; Zitzmann and Nieschlag, 2001) . Statistical analysis of data on sexual development comprised adjustment for age and BMI for boys and for girls also for use of oral contraception. Data on thyroid stimulating hormone (TSH) and on thyroid hormone levels (fT3, fT4) were adjusted for sex, age, recent disease and BMI. Data on (free) testosterone, (free) oestradiol, and the aromatase index (ratio testosterone/oestradiol) were adjusted for age, smoking, hour of blood sampling and BMI. Data on luteinizing hormone (LH) were adjusted for age, BMI and smoking and the data on sex hormone binding globulin (SHBG) were adjusted for age, BMI, smoking and not having eaten before the sampling of blood. Adjustment for smoking was performed using the parameter ''number of cigarettes smoked a day'' as a continuous variable. Recent disease was defined as ''have been sick during the last 14 days''.
As adolescents of 14 to 15 years are already in the last phase of puberty, the percentage of male pupils that have already reached the lower limit of normal adult testosterone levels (i.e. testosterone level above 321 ng/dL or a free testosterone level above 6 ng/dL) was calculated for the different regions.
Also analyses were performed including data on educational level of the parents as covariate in addition to above-mentioned confounding factors to assess the potential influence of socio-economic class. Educational level of parents was classified in terms of whether or not at least one of the parents had obtained a university or other higher education degree.
Reference mean values were calculated based on values from all areas. These reference values are weighted to inhabitant distribution so the importance of each study area is proportional to the number of total inhabitants in that area. To investigate significant differences, a significance level of 5% was used.
Results
Characteristics of participants, nutritional and other life style factors
Personal characteristics of participants and some key data concerning their life style, socio-economic condition and internal exposure to pollutants are summarized in Table 1 .
Hormone levels in relation to area of residence
Crude hormone levels for boys and, with respect to TSH, fT3 and fT4 also for girls, from the 9 study areas are presented in Table 2 . For all markers, except for SHBG, fT4 and TSH, statistically significant overall interregional differences were found (anova testing). However, these interregional differences remained only significant for LH, testosterone, free testosterone, Table 1 . Personal characteristics, life style and raw data for internal exposure to pollutants. Overall significant interregional differences in ancova after correction for confounding as indicated under methods are marked with *(po0.05), **(po0.01), ***(po0.001) or ****(po0.0001). d
Significant differences of an area with the reference mean in ancova (after correction for confounding as indicated under methods) are marked with *(po0.05), **(po0.01), ***(po0.001) or ****(po0.0001). Light grey: lower than reference mean and dark grey: higher than reference mean.
e Overall significant interregional differences in a chi square distribution are marked with *(po0.05), **(po0.01), ***(po0.001) or ****(po0.0001).
K. Croes et al. / Int. J. Hyg. Environ. Health ] (]]]]) ]]]-]]]
oestradiol, the aromatase index and for fT3 after correction for the confounding factors, as described under methods (Table 3 ). The differences remained also significant after additional adjustment for highest educational level in the family, except for free T3. For this parameter, the overall interregional differences in ancova were no longer significant, but 18 of the 19 two by two interregional differences (in a Fisher LSD post hoc test) remained significant. The region showing most distinctive features compared to the reference mean appeared to be the area around the waste incinerators, showing the highest values for LH, testosterone, free testosterone, % of boys with testosterone level above 321 ng/dL and % of boys with a free testosterone level above 6 ng/dL, and the lowest for fT3 and fT4. The differences between waste incinerators and other study areas were also often highly significant using the Fisher LSD post hoc test (data not shown).
The Albert Canal, with much chemical industry, was the area with the lowest (free) testosterone levels and aromatase index values and lowest percentages of boys reaching adult levels of these hormones. The harbour of Ghent showed low (free) oestradiol and high SHBG and fT3 levels, while in the Antwerp harbour only TSH was significantly lower than the reference mean. In Olen significantly high fT3 levels were found, while the Antwerp agglomeration and the rural area were the only regions with no significant different values compared to the reference mean (in Ancova testing).
Differences in hormone levels between local districts within main study areas
Within the main study areas overall differences in hormone levels (after correction for confounders as described earlier) were observed between local districts (ancova testing). Figs. 1-3 give an overview of all the investigated local districts within the study areas for respectively aromatase, testosterone and fT3 (after correction for confounders). From these graphs, it is clear that local differences exist, although they are not always statistically significant due to the lower number of adolescents in these smaller areas.
In the area ''waste incinerators'' sex hormone concentrations in boys were generally higher than those reported in the other areas (Tables 2 and 3 ), but local differences within the study area were also observed. Concentrations of testosterone, free testosterone and aromatase in the districts Menen and Roeselare were higher than those around the other waste incinerators (Figs. 1 and 2 ). In Menen significance was not always reached due to the low number of participants, but significant differences were observed for aromatase in a Fisher LSD post hoc test (p ¼ 0.031 for HouthalenHelchteren and p ¼ 0.032 for Wilrijk-Antwerp). Significant interregional differences in a Fisher LSD post hoc test were also found between Roeselare and Houthalen-Helchteren (p ¼ 0.020 for testosterone; p ¼ 0.017 for free testosterone and p ¼ 0.021 for aromatase) and between Roeselare and Wilrijk-Antwerp for aromatase (p ¼ 0.020).
Among the rural areas Gooik, Brakel, Diskmuide and Eeklo a significant difference was found for fT3 (p ¼ 0.024) after correction for confounders (ancova testing). The highest fT3 levels were found in the local district of Eeklo (4.03 pg/mL ; CI: 3.93-4.13; n ¼ 89), while to lowest fT3 levels were observed in Diksmuide (3.75 pg/mL; CI: 3.58-3.91; n ¼ 42) (Fig. 3) .
In the study area ''Olen'' significantly different values for testosterone (p ¼ 0.008), free testosterone (p ¼ 0.044), aromatase (p ¼ 0.005) and oestradiol (p ¼ 0.051) were found between the local districts (after correction for confounders (ancova testing). As indicated in Figs. 1 and 2 , the concentrations were much higher in the district Herentals compared to the other districts in this area.
A last example is the district Zwijndrecht, located in the south-west of the Antwerp harbour, with low concentrations of aromatase, free oestradiol, oestradiol, free testosterone, testosterone, fT3 and TSH. Due to the lower number of participants in Zwijndrecht (9 boys and 12 girls), significance was not reached, but hormone concentrations were much lower in this district compared to the rest of the Antwerp harbour and even the Antwerp agglomeration (as shown in Figs. 1-3 for respectively aromatase, testosterone and fT3).
Sexual development in relation to area of residence
Sexual development showed significant differences between the areas after adjustment for age and BMI and, in relation to girls, also for use of hormonal contraception. Data are presented in terms of reaching at least stadium 4 or 3 of Tanner for respectively girls and boys (Table 4) . Lower percentages of boys and girls reaching these stages were observed for Antwerp and its harbour region, and (although not significantly) for the Albert Canal area. The highest percentages were observed in the fruit area, Olen and in the area around the waste incinerators for boys. For girls, higher percentages were found in Ghent, the rural area and also the fruit area, although only significantly (using a chi square test) for reaching at least breast stage 4 in Ghent (p ¼ 0.04) and marginally significantly for reaching at least pubic hair stage 4 in Ghent (p ¼ 0.09) and in the fruit area (p ¼ 0.08).
Differences between Antwerp and Antwerp harbour and the rest of Flanders tended to be more pronounced when reaching adult development was considered (stage
P5 and G5 for boys and stadium P5 and B5 for girls). In Flanders, 26.5% of boys reach stage P5, 26.3% of boys reached stage G5, 52.8% of girls reached stage P5 and 49.2% of girls reached stage B5. However, in Antwerp and in its harbour only resp. 19.2% (p ¼ 0.0045) and 10.5% (p ¼ 0.013) of the boys reached stage P5, and only resp. 13.9% (po0.0001) and 10.3% (p ¼ 0.009) reached stage G5. For girls, only 28.6% (p ¼ 0.0006) in Antwerp and only 33.3% (p ¼ 0.019) in its harbour reached stage P5 and only resp. 24.5% (p ¼ 0.0004) and 33.3% (p ¼ 0.05) reached stage B5. In the Albert Canal area, also a lower percentage of girls reached stage P5 (38.5%), but the percentages of girls reaching stage B5 and of boys reaching stages P5 and G5 did not follow the same trend.
In addition, gynecomastia occurred more often in the Antwerp Harbour (for 13.6% of pupils, p ¼ 0.0002 after correction for age and BMI), Antwerp agglomeration (for 5.6% of pupils, p ¼ 0.09), and in the Albert Canal area (for 5.0% of pupils, p ¼ 0.10) than in the rest of Flanders (1.9%). The difference between these three areas taken together and the other Flemish areas was significant (p ¼ 0.0045 after correction for age and BMI).
Discussion
Significant differences in hormone levels and in sexual maturation were observed between adolescents residing in study areas with differing pollution pressure. Significantly higher hormone concentrations were measured in the area around the waste incinerators, while significantly lower values were found in the Albert Canal zone. There was also a difference in hormone levels between the two harbours. Compared to the reference mean, low (free) oestradiol and high SHBG and fT3 levels were found in Ghent harbour, while in the Antwerp harbour only low TSH values were observed. These results confirm the fact that the two harbours not only differ in pollution pressure , but also in terms of hormone levels and sexual maturation and point to the need to consider these areas separately. (14) beverlo (15) geel-laakdal (5) ham (12) laakdal-tessenderlo (16) meerhout (8) paal (23) tessenderlo (22) antwerp centre (64) antwerp south (27) merksem (18) harbour north (11) harbour north east (29) zwijndrecht (9) east (19) north east (16) north west (14) st.truiden centre (44) agg north east (37) ghent centre (21) evergem north (7) evergem south (28) harbour north east (9) oostakker (21) zelzate (15) brakel (17) diksmuide (21) eeklo (48) gooik (9) geel (13) herentals (34) kasterlee (14) lichtaart (9) olen (20) under albert canal (10) wilrijk-antwerp (34) ghent (21) harelbeke (14) houthalen-helchteren (19) menen (5) roeselare ( The region of Olen and the rural area showed rather low uncorrected sex hormone levels, but the corrected testosterone and oestradiol values were somewhat higher than the reference mean. This discrepancy between uncorrected and corrected values can be explained by the correction factors ''hour of blood sampling'' and ''BMI''. Some adolescents in Olen and, to a lesser extent, in the rural area donated a blood sample at a later time (mean time and range respectively 10.4 h, 8.8 h-14.8 h and 10.6 h, 9 h-11.9 h) compared to the adolescents residing in the other areas (mean time and range 10.2 h and 8.5 h-12 h), resulting in lower sex hormone levels. Adolescents in the rural area also had a lower mean BMI (Table 1) and this confounder has a quadratic relationship with sex hormones. When correction was applied only for smoking and age, the sex hormone levels in Olen and the rural area were in the same range compared to the raw data. These results point out the need for correction for confounding factors in order to make a correct interpretation of the data.
ARTICLE IN PRESS
Significant differences in hormone levels were also observed between adolescents residing in local districts within a study area. Differences in internal exposure to pollutants were already observed between such groups of adolescents (Schroijen et al., 2008 and unpublished results from the Flemish biomonitoring). This suggests that local sources of pollution, acting within a short distance, might influence the measured hormone levels. Point sources from local industries, local traffic hot spots, local historical contaminations, predominant wind directions, use of local food and differences in socio-economical status might all play a role. Since observations concerning local districts were not the main objective of the biomonitoring campaign, few people participated in some local areas, making the interpretation of the results more difficult.
The data obtained from the Centres for Guidance of Pupils showed interesting interregional differences in sexual maturation. In the industrial city of Antwerp and in the Antwerp harbour sexual maturation of boys as well as girls tended to be somewhat slower than in most (14) beverlo (15) geel-laakdal (5) ham (12) laakdal-tessenderlo (16) meerhout (8) paal (23) tessenderlo (22) antwerp centre (64) antwerp south (27) merksem (18) harbour north (11) harbour north east (29) zwijndrecht (9) east (19) north east (16) north west (14) st.truiden centre (44) agg north east (37) ghent centre (21) evergem north (7) evergem south (28) harbour north east (9) oostakker (21) zelzate (15) brakel (17) diksmuide (21) eeklo (48) gooik (9) geel (13) herentals (34) kasterlee (14) lichtaart (9) olen (20) under albert canal (10) wilrijk-antwerp (34) ghent (21) harelbeke (14) houthalen-helchteren (19) menen (5) roeselare (9 other areas in Flanders. It is not clear whether this constitutes an adverse health effect, neither to what extent this slowing of sexual maturation resulted from exposure to pollutants. In many reports exposure to pollutants is shown to lead to an accelerated sexual maturation, which seems certain to be an adverse health effect (Den Hond and Schoeters, 2006; Gulledge et al., 2001 ). Other observations include instances of accelerated sexual maturation as well as instances of delayed sexual maturation in association with internal exposure (Den Hond and Schoeters, 2006) . However the high blood concentrations of lead and cadmium observed by Schroijen et al. (2008) in adolescents from Antwerp and the Antwerp harbour could have contributed to the delay in sexual maturation observed for these adolescents. Indeed, high lead levels in blood were already reported to be associated to a delayed pubertal development in girls (Denham et al., 2005; Selevan et al., 2003 Selevan et al., , 2004 Wu et al., 2003) . Among the female adolescents who participated in our biomonitoring study, Den Hond et al. (submitted) observed a significant negative association between blood lead concentration and development of pubic hair (odds ratio for doubling of exposure is 0.65; p ¼ 0.020). Cadmium can have toxic effects on the testis (Steinberger and Klinefelter, 1993) and can decrease growth hormone levels in rats (Lafuente et al., 2001 ). In our biomonitoring study, cadmium levels were found to be negatively associated with sex hormone levels in male adolescents and with height in both female and male adolescents (Dhooge et al., submitted) .
The higher prevalence of gynecomastia observed in boys residing in Antwerp and in the Antwerp Harbour might be explained in part by their higher blood lead levels. Den Hond et al. (submitted) found a positive association between blood lead levels and the presence of gynecomastia (p ¼ 0.018). That higher blood lead levels might contribute to the risk of gynecomastia is perhaps not surprising as lead can have some xenoestrogenic properties (Martin et al, 2003) .
In the whole study population strong and highly significant positive associations (po0.001) were found between the hormone blood concentrations (LH, the aromatase index, testosterone, free testosterone, (28) beverlo (22) geel-laakdal (16) ham (16) laakdal-tessenderlo (19) meerhout (16) paal (38) tessenderlo (30) antwerp centre (98) antwerp south (44) merksem (26) harbour north (15) harbour north east (37) zwijndrecht (21) east (37) north east (23) north west (39) st.truiden centre (85) agg north east (72) ghent centre (50) harbour north east (23) evergem north (23) evergem south (54) oostakker (33) zelzate (29) brakel (39) diksmuide (42) eeklo (89) gooik (18) geel (19) herentals (71) kasterlee (20) lichtaart (23) olen (37) under albert canal (27) wilrijk-antwerp (72) ghent (47) harelbeke (25) houthalen-helchteren (42) menen (14) roeselare (23 oestradiol and free oestradiol) and the degree of sexual development of boys (Den Hond et al., submitted) . However, the measured hormone levels did not always predict the degree of sexual maturation observed for boys residing in the specific areas differing in pollution pressure. For example, the slower sexual maturation of boys in the Antwerp agglomeration and in its harbour can not be easily predicted from the hormone levels in Table 3 , since these are not significantly different from the reference mean. The significant low testosterone, free testosterone and aromatase values in the Albert Canal area were also only partly reflected in the (not significantly) reduced percentage of boys reaching pubic hair and genital stages 3. On the other hand, significantly higher testosterone values around the waste incinerators corresponded to a significantly higher percentage of boys reaching stages 3. For these specific study areas, the measured mean hormone levels (Table 3 ) and the percentage of pupils reaching a specified degree of sexual maturation (Table 4) showed not always a clear relationship. One could speculate that environmental or other area-specific factors affect sexual maturation through ways other than hormone levels as measured during adolescence. In fact, this study demonstrates that differences in hormone levels and in sexual development can occur between adolescents residing in areas differing in pollution pressure in a highly industrialised and densely populated region such as Flanders. However, it is difficult to associate these observed differences to the internal exposure to pollutants measured at a single point in time during adolescence. Internal exposures at an earlier age and in utero are probably very important in terms of hormonal equilibrium and sexual maturation (Ibáñez and de Zegher, 2006; Ong et al., 2006) . Furthermore, much of these differences might be due to environmental or other factors that were not assessed in this study. Therefore, to establish relationships between pollutants and effect markers other substances with potential oestrogenic, anti-oestrogenic and/or anti-androgenic properties (like phthalates, dioxines, flame retardants, y) should also be measured in adolescents, and ideally also in neonates in the context of follow-up studies.
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